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A strategy is described that enables the in situ detection of natural transformation in Acinetobacter baylyi
BD413 by the expression of a green fluorescent protein. Microscale detection of bacterial transformants
growing on plant tissues was shown by fluorescence microscopy and indicated that cultivation-based selection
of transformants on antibiotic-containing agar plates underestimates transformation frequencies.

Horizontal gene transfer (HGT) plays a major role in shap-
ing prokaryote genomes (1, 7, 14, 16, 17, 22, 24, 25). Of the
three mechanisms involved in HGT, natural transformation
has received limited attention due to the lack of knowledge of
the factors regulating transformation in situ and the difficulties
of reproducing in vitro the environmental conditions that are
conducive to the process. Only a limited number of species
have been demonstrated to be naturally transformable, and the
majority of the evidence thereof is obtained from in vitro
studies (6, 9, 19, 21).

Studies of HGT by natural transformation in complex envi-
ronments have mostly been performed using bioreporter bac-
teria, i.e., naturally transformable strains carrying inserted
DNA sequences facilitating homologous recombination with
the donor DNA. Typically, the studies are based on monitoring
the transfer of an antibiotic resistance gene. The antibiotic
resistance gene can be either absent (12) or truncated (8) but
is restored by homologous recombination with the functional
form of the gene or its flanking regions present in the donor
DNA. After exposure of the bacteria to the donor DNA, the
cells are plated in the presence of the antibiotic, and only those
cells that restore a functional antibiotic resistance gene by
natural transformation grow in the medium.

A major limitation of this strategy is the agar-plating step
required for the enumeration of transformants. The original
material is destroyed during sampling, and no information can
be obtained on the specific localization of the gene transfer
event or on the interaction of the recipient cells with the

material, including the donor DNA. Hence, it is not possible to
localize hot spots of transformation in a complex environment
and describe the microtopology. For example, it is interesting
to know if natural transformation is modulated by nutrient
levels released from different plant tissues (e.g., along the
apical portion of the plant root) or at different depths of a
bacterial biofilm. Moreover, conventional plating techniques
are limited to culturable cells.

To overcome these limitations, we used a new strategy that
allows the expression of a green fluorescent protein (GFP) in
the naturally competent Acinetobacter baylyi strain BD413 (23)
following a natural transformation event. A marker-reporter
rescue cassette was designed to be used as donor DNA (12),
and it was inserted into the chromosome of strain BD413,
generating the recombinant strain BD413(rbcL-�PaadA::gfp)
(Table 1 and Fig. 1A). The recipient reporter strain BD413
(rbcL-�PaadA::gfp) carries between the lipB gene and the lipA
gene (13) an inactived aadA::gfp gene fusion downstream from
the chloroplast gene rbcL. The aadA::gfp gene fusion is not
expressed in the reporter strain since it lacks a functional
promoter. Homologous recombination in the flanking rbcL
and aadA loci by a double crossover event with the donor DNA
and the recipient reporter strain gives rise to the insertion of
the Prrn promoter, allowing the transcription of both the aadA
and the gfp domain of the aadA::gfp gene fusion and the res-
toration of the spectinomycin resistance and fluorescence phe-
notypes. The detection of transformants can be accomplished
by plating on a selective medium, as well as by direct cell
fluorescence observation in situ. The recombination site is on
the bacterial chromosome to maximize genetic stability and to
reduce the likelihood of unintended transfer to other micro-
organisms.

The functionality of the reporter strain was tested using the
plasmid pCLT as donor DNA. This plasmid is not replicative in
strain BD413 (plasmid pCLT is a pUC derivative that is not
replicative in strain BD413 [18]) and contains the aadA gene
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inserted between the rbcL and accD plastid genes. Transfor-
mants could be grown on selective medium after exposure of
the reporter strain to the DNA of pCLT and showed in all
cases a fluorescent phenotype clearly distinguishable from the

phenotype of the control strain (Fig. 1B). The transformation
frequencies of strain BD413(rbcL-�PaadA::gfp) were quanti-
fied by standard in vitro assays (see the supplemental material
for details) with purified bacterial or plant DNA, bacterial cell

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Source or
reference

Bacterial strains
E. coli XL1-Blue recA1 endA1 hsdR Tcr Stratagene
A. baylyi BD413 (ADP1) Rifr mutant of strain BD4 (ATCC 33305) 11
A. baylyi BD413 aadA::gfp A BD413 derivative containing, in the lipBA operon in the chromosome, an aadA::gfp

fusion gene cassette; Rifr Kmr Spcr; GFP positive
This study

A. baylyi BD413(rbcL-�PaadA::gfp) A BD413 derivative containing, in the lipBA operon in the chromosome, the cassette
rbcL-�P-�aadA::gfp, with a transcriptional aadA::gfp fusion inactivation by a Prrn
deletion; Rifr Kmr Spcs; GFP negative

This study

Bacillus subtilis TS116 A PB168 derivative containing, in the chromosome, an aadA gene cassette between the
tobacco genes rbcL and accD; Cmr Spcr

2

Azospirillum brasilense SPF94
(pRK290TS)

A derivative of strain SPF94 containing, on plasmid pRK290TS, an aadA gene cassette
between the tobacco genes rbcL and accD; Rifr Spcr

2

Agrobacterium tumefaciens LBA
4404 (pRK290TS)

A derivative of strain LBA4404 containing, on plasmid pRK290TS, an aadA gene
cassette between the tobacco genes rbcL and accD; Rifr Spcr

2

Sinorhizobium meliloti SPF94
(pRK290TS)

A derivative of the USDA1002 mutant strain containing, on plasmid pRK290TS, an
aadA gene cassette between the tobacco genes rbcL and accD; Rifr Spcr

2

Plasmids
pCLT (also named pLEP01) Cloning vector, containing the aadA gene cassette between rbcL and accD; Ampr; 7.0 kb 12
pZR80 Integrative vector in the chromosomal lipBA operon of strain BD413 (ADP1); Ampr

Kmr; 6.4 kb
13

pZR80-2 pZR80 derivative, integrative vector at lipBA operon site; Kmr; 4.9 kb This study
pZR80-2 aadA::gfp pZR80-2 containing the fusion aadA::gfp; Kmr Spcr; 7.2 kb This study
pZR80-2 (rbcL-�PaadA::gfp) pZR80-2 with Prrn upstream of aadA::gfp deleted and with a 1.1-kb fragment containing

rbcL; Kmr Spcs; GFP negative; 7.8 kb
This study

pRK290TS A derivative of the broad-host-range vector pRK290; contains an aadA gene cassette
between rbcL and accD; Tcr Spcr

2

a Amp, ampicillin; Cm, chloramphenicol; Rif, rifampin; Spc, spectinomycin; Tc, tetracycline.

FIG. 1. (A) Schematic representation (not drawn to scale) of the genetic composition of relevant regions in the donor DNA and in the recipient
reporter strain A. baylyi BD413(rbcL-�PaadA::gfp). The recipient strain has been designed to recombine with donor DNA containing a functional
aadA cassette inserted between the rbcL and the accD genes of the tobacco chloroplast genome. In the donor DNA, the transcription of the aadA
gene is under the control of a modified plastid rRNA operon promoter, Prrn, and the 3� region of the plastid psbA gene (TpsbA). The reporter strain
contains a similar but promoter-free gene fusion, aadA::gfp, in which the aadA domain is physically linked to a gfp domain by an amino acid linker, L.
A portion of the rbcL gene has been also cloned upstream from the aadA domain to provide a region for a second crossover event. The absence of a
promoter (indicated by a dashed line upstream from the aadA domain) confers a spectomycin-susceptible and GFP-negative phenotype to the reporter
strain. The region that is replaced by the double crossover event in the homologous recombination process is drawn in white. Arrows indicate genes. The
relevant promoters and terminators are indicated by squares labeled with P and T, respectively. MRT, marker rescue transformation. (B) The expression
of the aadA::gfp fusion in the bacterial transformants results in cell fluorescence. Transformant cells were added to a suspension of nontransformed cells
of the reporter strain BD413(rbcL-�PaadA::gfp) and observed by phase-contrast (left) and fluorescence microscopy (right).
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lysates, or plant tissue homogenates (see Tables S1 and S2 in
the supplemental material). In general, the transformation fre-
quencies were lower than those previously reported by some
authors for double crossover homologous transformation with
the aadA gene inserted into transplastomic tobacco (6, 12).
These authors observed transformation frequencies of about 2
orders higher in magnitude. In contrast, we recorded transfor-
mation frequencies in the same order of magnitude as those
measured by Gebhard and Smalla (8) by using the same filter
transformation protocol. A factor that could influence trans-

formation efficiency between the transformation systems is a
possible slight toxic effect of GFP (4), while the chromosomal
location of homologous recombination sites should guarantee
the same frequency of the plasmid location (5).

In situ detection of natural transformation experiments was
carried out by exposing the reporter strain to lysates of Esch-
erichia coli (pCLT) on filters placed on LB medium without
antibiotics. The filters were observed after 2 days of incubation
either by epifluorescence microscopy or by confocal laser scan-
ning microscopy (CLSM), as explained in the supplemental

FIG. 2. Visualization by CLSM of the results of a typical transformation experiment of A. baylyi BD413(rbcL-�PaadA::gfp) exposed to cell
lysates of E. coli XL1-Blue(pCLT) and incubated for 2 days on a filter membrane. (A) Phase-contrast microscopy image. (B to I) Overlapping
(B) of seven 5.8-�m sections (C to I) from the surface (C) to the depth (I) of the bacterial layer. The bar represents 30 �m. The total fluorescence
in each layer was quantified by using the Histogram tool of Photoshop 6.0 software. The total green component of each layer was calculated as
the average brightness level of the green channel for all the pixels of the image. The green-channel brightness, ranging from 0 to 256 units of
brightness, was proportional to the richness in green pixels. The green-channel brightnesses of sections B to I were, respectively, 48.2, 13.2, 11.8,
11.3, 8.2, 4.2, 2.1, and 0.8.
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material. CLSM imaging demonstrated green fluorescent cells
in situ, indicating that GFP expression and, hence, the comple-
mentation of the aadA::gfp fusion with a functional promoter
had occurred (Fig. 2A to I). Most of the transformants were
localized on the top of the bacterial layer and did not seem to
spread inside. This uneven distribution can be explained by the
lack of oxygen inside the colony (20). To quantify the fre-
quency of transformation observed in situ, 10 microscopic
fields, randomly taken at different depths of the filter, were
analyzed by CLSM as explained in detail in the supplemental
material. A transformation frequency of 6.3 � 10�3 � 1.0 �
10�3 (mean � standard deviation) was measured, 2 orders of
magnitude higher than the number determined by cultivation-
based plating. A similar difference in the detection of the DNA
transfer efficiency between culture and culture-independent
methods has been reported for conjugal gene transfer in bio-
films (20). One possible explanation of this remarkable differ-
ence could be that a proportion of the GFP-positive transfor-
mants are not readily culturable. Whatever the case, the data
indicate that current cultivation-based methods for assessing
natural transformation may underestimate the number of
transformation events.

Natural transformation of the new reporter strain was also
determined when it was present on defrosted and slightly
abraded tobacco leaves, a simple system simulating natural
plant decay, such as that occurring in the plant residuosphere
(3; see Table S3 in the supplemental material). When purified

DNA of transplastomic tobacco was externally supplemented,
10�9 transformants per recipient cell were obtained on de-
frosted leaf tissues placed on LB agar plates. In situ microscale
localization of naturally transformed cells of the reporter strain
on the surfaces of defrosted tobacco leaves and roots was
observed by fluorescence microscopy and CLSM (Fig. 3). On
the leaf tissue surface, fluorescent single cells and microcolo-
nies of constitutively fluorescent A. baylyi BD413(rbcL-aadA::gfp)
were localized in the interstices between epidermal cells and close
to the stoma at the border with the other epidermal cells (Fig. 3A
and B) (reference 20 and references therein). Transformants
were detected on the leaf surface or close to a stoma (Fig. 3C)
and on root surfaces (Fig. 3D and E) using either purified
pCLT or E. coli XL1-Blue(pCLT) cell lysates as external donor
DNA.

Recently, nonculture-based strategies for the detection of
natural transformation (21) have been tested in monocultures
of strain BD413 growing in biofilms (10) and in bacteria from
river water samples (15). The reporter strain BD413(rbcL-�PaadA::
gfp) presented here represents an additional tool for detailed
studies of single-cell natural transformation events in the en-
vironment. Our approach has some limitations: the recipient
cells have to be added to the studied environment, and low
transformation frequencies will require the microscopic exam-
ination of a large number of microscopic fields. However, the
presented strategy will expand our repertoire of methods avail-
able to better understand natural transformation processes,

FIG. 3. Visualization of fluorescent cells and natural transformation of the reporter strain A. baylyi BD413(rbcL-�PaadA::gfp) in situ on
decaying tobacco tissues. To demonstrate fluorescence, A. baylyi strain BD413(rbcL-aadA::gfp), constitutively expressing GFP, was inoculated onto
defrosted leaves and incubated for 5 days. GFP fluorescence showed single cells and microcolonies of A. baylyi in the interstices of epidermal cells
(A) and between a stoma and the border of epidermal cells (B). (C to E) In situ detection by CLSM of natural transformation of the reporter strain
BD413(rbcL-�PaadA::gfp) exposed to externally added DNA on decaying tissues of tobacco. In the experiment whose results are shown in panel
C, leaf tissue was supplemented with purified pCLT DNA, while in the experiments whose results are shown in panels D and E, root tissue was
supplemented with cell lysates of E. coli XL1-Blue(pCLT). The images show bacterial transformants on a leaf surface near a stoma (C) or scattered
along the root tissues (D and E). Bars represent 10 �m.
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especially those occurring in environments considered “hot
spots” for bacterial gene transfer activities (20, 24).
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